ABSTRACT: Dynamic nuclear polarization (DNP) embraces a family of methods to increase signal intensities in nuclear magnetic resonance (NMR) spectroscopy. Despite extensive theoretical work that allows one to distinguish at least five distinct mechanisms, it remains challenging to determine the relative weights of the processes that are responsible for DNP in state-of-the-art experiments operating with stable organic radicals like nitroxides at high magnetic fields and low temperatures. Specifically, determining experimental conditions where DNP involves thermal mixing, which denotes a spontaneous heat exchange between different spin reservoirs, remains challenging. We propose an experimental approach to ascertain the prevalence of the thermal mixing regime by monitoring characteristic signature properties of the time evolution of the hyperpolarization. We find that thermal mixing is the dominant DNP mechanism at high nitroxide radical concentrations, while a mixture of different mechanisms prevails at lower concentrations. D ynamic nuclear polarization (DNP) is a powerful method for enhancing the polarization of nuclear spins with the aim of boosting weak nuclear magnetic resonance (NMR) signals. In recent years, DNP has experienced a remarkable "renaissance" due to novel methodological developments, in particular for solid-state DNP (MAS-DNP) 1−4 and dissolution DNP (D-DNP), 5−10 which enable many new applications in practically all fields of NMR 10,11 and MRI 5,7 ranging from incell metabolomics to cancer monitoring in humans. At the heart of DNP lies the transfer of electron spin polarization to nuclear spins upon pumping electron paramagnetic resonance (EPR) transitions of stable mono-or biradicals. To widen the range of applications of DNP and to optimize the enhancements, a thorough understanding of the underlying mechanisms is a prerequisite. At this time, five distinct DNP mechanisms are known to play a role in solids:
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12−14 the solid effect (SE), the differential solid effect (DSE), the cross-effect (CE), thermal mixing (TM) and the Overhauser effect (OE). While the latter exploits dissipative cross-relaxation, the former four mechanisms make use of coherent polarization transfer. The SE is due to pumping "forbidden" combinations of EPR and NMR transitions; since it involves an isolated electron spin and an isolated nuclear spin, this mechanism is most efficient when using dilute monoradicals. A more efficient DNP mechanism that dominates for dilute biradicals or concentrated monoradicals is provided by the CE, which requires a pair of electron spins so that "triple spin flips" (invloving two electron spins, SS′, and one nuclear spin) can occur (denoted SS′I for I = 1 H, or SS′I′ for other nuclei I′ such as 2 H, 13 C, 31 P, etc.) Finally, concentrated monoradicals with strong intermolecular interactions can lead to TM, a mechanism for which thermodynamic concepts can be used 15−17 to describe polarization transfer in terms of heat exchange between different reservoirs. TM is effective only when the EPR spectral width Δν e , given either by homogeneous line broadening or electronic spectral diffusion (eSD), exceeds the nuclear Zeeman interaction frequency ν I . 18, 19 Various definitions for TM have been given. 14−17 Here we consider that TM entails three important properties. (1) Electron spins, even under microwave irradiation, display a behavior that can be described using thermodynamic concepts. Namely, their description involves two heat reservoirs: a Zeeman reservoir, introduced to describe energy exchange on the order the electronic Zeeman interaction ν e , and a nonZeeman or dipolar reservoir, to describe exchange of energy on the order of the relevant width Δν e of the EPR spectrum. (2) Triple-spin flips SS′I can establish a contact between the nuclear Zeeman and electron non-Zeeman reservoirs, 19 since they involve the transfer of energy of the order of the nuclear Zeeman energy ν I between nuclear and electron spins. (3) The rates of triple-spin flips are fast compared to the rates of other phenomena such as electron or nuclear relaxation rates.
Only if these requirements are fulfilled can DNP proceed predominantly via TM. In this case, the hyperpolarization process displays two characteristic features:
(i) the spin temperatures T I of all nuclear spin species converge to a single common value for long times t → ∞ in the presence or absence of microwave irradiation. As a result, all nuclei I for which ν I < Δν e are "cooled down" in the same way at all microwave frequencies, in contrast to SE and CE where the microwave frequency for most efficient DNP depends on the nuclear gyromagnetic ratio, γ I . (ii) A second important consequence of TM is that, if different types of nuclei are present in the sample, heat can flow spontaneously from one nuclear reservoir to another via the non-Zeeman electron reservoir. In other words, if TM is predominant, polarization transfers between different nuclear species are expected to follow the simple laws of heat propagation. In practice, DNP does often not result from a single dominant mechanism, but from a combination of different processes so that it may be difficult to separate contributions of different mechanisms. 16,20−22 A common strategy for the analysis of DNP processes is to simulate experimental results and to assess the underlying mechanism by comparing simulations and experiments. However, this approach is notoriously difficult even for discriminating SE and CE contributions. 19 When TM comes into play, the superposition of various mechanisms becomes even more difficult to unravel. Therefore, it is currently not entirely clear what DNP mechanisms are active for the frequently used nitroxide radicals, 23 in particular at high magnetic fields B 0 > 6 T at T < 1.2 K for D-DNP or 20 T at 100 K for MAS-DNP.
Here we propose an experimental approach that allows one to determine whether TM is the predominant mechanism in systems employing nitroxide radicals, based on probing the above-mentioned characteristic features (i) and (ii).
To elucidate the active DNP mechanism and to quantify the flow of polarization between different heat reservoirs via triple spin flips, we performed DNP experiments on spin systems comprising protons I = 1 H and other nuclei (I′ = 2 H, 13 C and 31 P) in the presence of radicals at variable concentrations. The experiments were carried out in two different ways: (A) we monitored the build-up curves of the polarization P(I) and P(I′) of two different nuclei I and I′ after microwave saturation of the EPR spectrum, and subsequently measured their return to thermal equilibrium after interrupting the microwave irradiation; (B) we performed in a systematic way an experiment proposed by Goldman and co-authors for single crystals of LiF (where I = 7 Li and I′ = 19 F), and adapted it to the case of amorphous solids that are used in modern DNP applications. 18 In this experiment, we polarized two different nuclei (here I = 1 H and I′ = 2 H, 13 C or 31 P), stopped saturating the EPR transitions, then depolarized one of the nuclei by rf saturation, and observed the subsequent time-dependence of polarizations P(I) and P(I′). This experiment can reveal a spontaneous transfer of polarization between nuclear spin species via the dipolar electron reservoir, which is a clear indication of so-called triple spin flips (SS′I and SS′I′ flips). These two experiments hence allowed us to determine whether TM was the dominant mechanism for DNP or not. DNP. Our DNP apparatus is described in detail in references. 24−26 All samples were immersed in liquid helium maintained at 4.2 K in the cryostat at atmospheric pressure. An ELVA1 microwave source coupled to a Virginia Diodes (VDI) frequency doubler provided microwaves (μw) at a frequency ν μw = 187.9 GHz for all experiments A and B. The μw-field was modulated over a range of 100 MHz using a sawtooth modulation function with a 1 kHz repetition rate. The microwave frequency profiles were obtained by stepping the central frequency over a range 187.8 < ν μw < 188.4 GHz with a 20 MHz step size and the same modulation bandwidth.
We used two-channel NMR probes to detect the polarization of both protons and heteronuclei I′ = 2 H, 13 C or 31 P at B 0 = 6.7 T. Although TM-DNP leads to higher nuclear polarizations P(I) at 1.2 K, the sample temperature was set to 4.2 K to speed up the polarization build-up and shorten nuclear spin relaxation times, so that the experiments could be run faster. Thus, the inverse sample temperature (and the inverse equilibrium electron spin temperature before microwave saturation) at thermal equilibrium was approximately 1/T 0 = 0.25 K −1 . In experiment A, the nuclei I = 1 H and I′ = 13 C were polarized through continuous-wave (cw) μw irradiation to determine the steady-state polarization and the characteristic build-up times of the nuclei. After achieving the steady state, the μw irradiation was interrupted to determine T 1 (I) and T 1 (I′) decay times. Experiment B consisted of polarizing 1 H nuclei to their steady state by cw μw irradiation prior to switching off the μw source. The 13 C nuclei were then selectively saturated and the time evolution of both 1 H and 13 C nuclei was subsequently monitored in the absence of μw-irradiation. Saturation was achieved by a series of NMR pulses.
In all experiments, 1°detection pulses were used for I = 1 H and 5°pulses for I′ nuclei at intervals of 5 s to monitor the signal intensity as a function of time.
■ RESULTS AND DISCUSSION
To elucidate the limits of TM, we systematically varied the experimental conditions for experiments A and B, to probe the two characteristic signatures (i) and (ii) listed above.
(1) Reaching a Common Spin Temperature. Figure 1a displays schematically the flow of spin order in experiment A. μw irradiation polarizes the non-Zeeman dipolar electronic (e NZ ) energy levels by cooling down the corresponding heat reservoir. Consequently, triple spin flips tend to equalize the e NZ spin temperature and the nuclear spin temperature of both 1 H (SS′I flips) and 13 C (SS′I′ flips) heat reservoirs. After switching off the μw irradiation, both nuclear polarizations P( 1 H) and P( 13 C) decay and equilibrate at the lattice temperature. Typical DNP build-up curves of these nuclear spin polarizations and their subsequent decays, obtained for different concentrations of TEMPOL, are shown in Figure 1b (sample 2) .
At all radical concentrations, the nuclei I = 1 H and I′ = 13 C have different DNP buildup times and different relaxation times. The polarizations are expressed in units of 1/T I , the inverse spin temperature of the corresponding nucleus. The relation between the nuclear spin polarization, P(I), and the inverse spin temperature coefficients β I = 1/k B T I , is
where k B is the Boltzmann constant, ω I is the nuclear Zeeman resonance frequency in the external field. It is readily seen in Figure 1b that at TEMPOL concentrations above 50 mM, both nuclei converge to a common spin temperature after the initial build-up. In particular, 1/T I ( 13 C) reaches a maximum when the TEMPOL concentration is 50 mM. Most importantly, at lower radical concentrations (10−40 mM), the 13 C spin temperature is considerably higher than the proton one, thus indicating that TM is not the dominant mechanism since condition (i) listed above is not fulfilled anymore.
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The fact that TM no longer dominates at low radical concentrations originates from reduced rates of electron− electron flip-flops as the distance between radical centers becomes larger. On the one hand, when electron spectral diffusion slows down due to decreasing flip-flop probabilities, the electron spins cannot be treated anymore using thermodynamic concepts. Indeed, in this limit, the microwave irradiation will only saturate a narrow band around ν μw in the EPR spectrum (hole burning), leaving the remaining electron spins at thermal equilibrium with the lattice. On the other hand, the rate of triple-spin flips decreases dramatically and becomes lower than the relaxation rates of the different spin species, leading to breakdown of the thermodynamic description of DNP.
The breakdown of the pertinence of the spin temperature concept at low radical concentrations has been recently predicted by numerical simulations that show a behavior consistent with our observations on 13 C. The strength of the thermal contact between the e NZ reservoir and the nuclear Zeeman reservoir decreases steadily when reducing the radical concentration, down to a point where the thermodynamic description of DNP breaks down and hyperpolarization becomes less effective. 27, 28 (2) Heat Transfer between the Nuclear Zeeman Reservoirs. We can evaluate the presence of triple-spin flips at different radical concentrations by experiment B, schematically depicted in Figure 2a . Triple spin flips offer a mechanism through which the transfer of polarization, i.e., of heat from one nuclear reservoir to another via the e NZ reservoir, can take place. Hence, a spontaneous heat flow from a warmer to a colder spin reservoir attests for the presence SS′I and SS′I′ triple-spin flips. Through our experimental setup, we could observe the transfer of polarization from 1 H to 13 C, i.e., as the 1 H reservoir heats up, the 13 C reservoir cools down. When the rate of triple spin flips is high, the two nuclear and the e NZ reservoirs reach a common spin temperature before they relax to their equilibrium temperature. This is exactly what is observed in Figure 2b between 40 and 100 mM, where the 13 C polarization of sample 2 reaches a maximum when the temperatures of the two nuclear reservoirs become equal (the time traces cross). As such a polarization transfer proceeds via the electronic nonZeeman reservoir, it can be investigated experimentally by stepping away from ideal TM conditions, e.g., by using lower
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To our surprise, the transfer of polarization between the two nuclear reservoirs is not entirely suppressed, even at a radical concentration as low as 10 mM. Thus, even though the signature features of a common spin temperature and an efficient heat transfer are not fulfilled, we observe triple spin flips, indicating a non-TM regime with a reduced rate of such transitions.
At radical concentrations of 25 mM and below we observe an "anomalous" heat transfer as the maximum inverse spin temperature 1/k B T I ( 13 C) is reached at a time where 1/ k B T I ( 1 H) is still higher. These data clearly confirm the presence of triple spin flips and the transfer of polarization between the Zeeman reservoirs of the 1 H and 13 C nuclei and the non-Zeeman electronic reservoir, but point to the fact that the rates of triple spin flip transitions involving 13 C spins are comparable to or lower than their nuclear relaxation rates, thereby impeding the prevalence of TM as dominant DNP mechanism.
In conclusion, at TEMPOL concentrations of 50 mM or above all characteristic features of TM, as defined above by (i) and (ii), are observed, while at lower concentrations the nuclear reservoirs do not reach a common spin temperature; the heat transfer is inefficient despite the occurrence of triple spin flips.
The characteristic build-up times and steady-state spin temperatures at the end of the build-up (experiment A) as well as the transfer times (characteristic cooling times of the 13 C reservoir in experiment B) are summarized in Figure 3 . Note that heat transfer becomes faster with increasing radical concentration (Figure 3c ), thereby confirming the dependence of the triple spin flip rate on the TEMPOL concentration.
Changing Hyperpolarized Nuclei. To shed further light on the mechanistic details at intermediate TEMPOL concentrations, where features (i) (similar spin temperatures) and (ii) (characteristic heat transfer) of TM are not fulfilled, but triple spin flips are still observed via experiment B, we measured the dependence of the spin polarization P(I′) of the four nuclei I′ = 1 H, 13 C, 2 H and 31 P on the microwave irradiation frequency ν μw at 25 mM TEMPOL. The intensity profiles are shown in Figure  4 . If TM were dominant, the widths of the μw-profiles should primarily depend the properties of the EPR spectrum of TEMPOL.
12, 19 However, it is readily seen that the profiles are similar for 1 H and 2 H, while they differ significantly from those of 13 C and 31 P, which show slight differences between each other. In cases of CE or SE, one would expect a frequency difference of ν I or 2ν I , respectively, between the maxima and minima of the microwave profiles and thus a strong dependence on the nuclear gyromagnetic ratio.
Since none of these features are observed for any nuclei, we assume a mixture of different mechanisms for the low radical concentration regime. C spin reservoirs do not reach a common spin temperature at this radical concentration. This indicates that the description of the DNP process as "pure" TM breaks down. We observe a similar behavior for 2 H, 13 C and 31 P. Note that the difference between the μw profiles is very subtle for TM and CE (the μw profiles for 1 H can be reproduced both with TM-based as well as CEbased models). 13, 24 Interestingly, we observe for all these nuclei triple spin flips via experiment B with 25 mM TEMPOL (see Figure 5 ). P). This clearly shows that the presence of triple spin flips is not a sufficient condition for TM, though a necessary one, if we assume TM to be strictly defined by the criteria listed above.
Additionally, in experiment B, the heat transfer between 13 C and 1 H via the e NZ reservoir with 50 mM TEMPOL works both ways (see Figure 5c ), which confirms the consistency of our interpretation. In contrast, radicals with narrow EPR lines like 50 mM BDPA do not lead to any observable heat transfer in experiment B. This excludes direct cross-talk between the nuclear reservoirs (data not shown).
■ CONCLUSIONS
Combining experiments A and B yields a strategy for the determination of TM contributions to DNP, corresponding to the limiting case where the spin temperatures of all spin reservoirs tend to a common value T I for t → ∞ due to triple spin flips and the spontaneous heat transfer between different reservoirs. This strategy allows one to assess the presence of the TM regime, understood as a situation where a common nuclear spin temperature emerges from a spontaneous heat flow, through triple spin flip transitions. These two necessary conditions must both be fulfilled to establish TM, while one of them alone is insufficient. We want to stress that the sole occurrence of triple spin flips, or of spontaneous heat transfer, is not indicative of strict TM, if the spin temperatures of the different nuclei in the system do not reach a common value. It can be clearly stated that TM is the dominant mechanism at high TEMPOL concentrations (≥50 mM) at 4.2 K and 6.7 T, i.e., for experimental conditions frequently used in modern DNP experiments, while for lower TEMPOL concentrations (≤40 mM) the spin temperatures of the different reservoirs can be different. 29 The latter fact, in combination with the observation of spontaneous heat transfer, indicates the presence of SS′I flips even if the TM regime is not predominant. At TEMPOL concentrations of 10 mM, where we observe only very weak heat transfer (experiment B indicates the breakdown of SS′I transitions), the DSE is the most likely mechanism, as pointed out by Han and co-workers. 13 From theoretical considerations, we expect the TM regime to play a role at even lower radical concentrations if the sample temperature or the external magnetic field are decreased. Considering that processes, which involve a heat flow, need to compete with electronic T 1 relaxation, it appears intuitive that conditions that prolong relaxation favor thermal mixing.
From the experimental point of view, it is important to note that the lowest 13 C spin temperature can be reached at TEMPOL concentrations of 50 mM due to low 1 H spin temperatures and the dominance of TM. Yet, even lower 1 H temperatures can be reached at a lower TEMPOL concentration of 40 mM because of favorable saturation factors. 30, 31 This information is crucial for users who do not have access to cross-polarization techniques. 26 In this situation TM-DNP can be a remedy, since it not only allows one to hyperpolarize protons, but various other nuclei by exploiting additional pathways for efficient polarization transfer. . In all cases, the frequency differences between the maxima and minima of the μw profiles do not correspond to multiples of ω I , indicating significant contributions of TM; however, slight differences between the profiles indicate admixtures of SE and CE. 
The Journal of Physical Chemistry Letters
Letter ■ ACKNOWLEDGMENTS
